Background--Human leukocyte antigen (HLA) matching isn't routinely performed in heart transplantation. Novel allograft perfusion methods may make HLA matching feasible. The purpose of this study is to reexamine whether HLA mismatch may be used in risk stratification to improve outcomes in heart transplantation.
S urvival after heart transplantation has improved markedly over the past 2 decades, particularly in the short-term, but graft dysfunction remains the leading cause of mortality. 1 Individual differences in the genetic constitution are likely to be important determinants of long-term graft loss, such as human leukocyte antigen (HLA) and potentially other polymorphic sites. 2, 3 Age-related alterations in the immune system, HLA sensitization events, and differences in susceptibility to immunosuppressive regimens may also influence the outcomes. 4, 5 By identifying patients at increased risk, a targeted strategy could be developed to individualize and intensify both monitoring and treatment post-transplant, thereby reducing mortality and morbidity. 1, 6, 7 Several studies have shown a positive effect of HLA matching on survival. HLA matching avoids the production of donor specific antibodies (DSA) that are detrimental to the transplant. Matching of ≥3 HLA loci ( Figure 1 ) improves survival in heart transplanted patient and decreases the risk of rejection during the first-year post-transplant. 8, 9 However, studies differ on the HLA locus or loci identification of that influence the outcome. There is evidence from other solid organ transplants than heart that certain HLA allele mismatches may be more antigenic than others and that some allele mismatches may be inconsequential. 10 Anti-HLA antibodies recognize distinct exposed regions of the HLA antigen that consist of amino acid sequences located within the HLA molecule. These so-called epitopes (Figure 1 ) are shared among HLA alleles and between HLA loci where the term eplet often is defined as clusters/patches of polymorphic residues %3 to 5 angstr€ oms apart. 11 This observation may explain why sensitizing events such as a previous allograft, pregnancy, and blood transfusions can induce anti-HLA antibodies toward more than the specific HLA-antigens involved in the sensitizing event and as a consequence result in high panel reactive antibody status. 12 Furthermore, the epitope load of HLA mismatch correlates with the development of DSA which can result in rejection and graft loss. [12] [13] [14] The amount of mismatched epitope load could therefore be regarded as a risk factor and be used to adjust both monitoring and treatment post-transplant.
Prior studies evaluating the effect of HLA matching on post-transplant outcomes have focused on the measure of the level of HLA allele mismatch in adult heart transplanted patients. Studies on how the structure of the HLA molecules influences long-term graft loss in heart transplanted recipients are limited. Furthermore, donor-recipient HLA matching in heart transplantation is occasionally infeasible because of the time needed for advanced immunological analysis and evaluation. However, novel approaches to allograft perfusion may allow for longer times between allograft procurement and transplant, possibly making HLA matching feasible. 15 Whether HLA matching would improve long-term outcomes in heart transplantation should therefore be reexamined. In this study, we aimed to investigate the influence of HLA allele and HLA eplet mismatch on graft survival using a comprehensive approach in a large, contemporary cohort of heart transplant recipients.
Materials and Methods

Data Availability
The data that support the findings of this study are available from the SRTR (Scientific Registry of Transplant Recipients), but restrictions apply to the availability of these data, which were used under license for the current study, and so are not publicly available.
Study Population
We extracted subjects from the SRTR (Scientific Registry of Transplant Recipients) undergoing primary heart transplantation in the United States between October 1, 1987 and September 30, 2013 (n=56 429) . We excluded patients with incomplete follow-up or follow-up time <1 day, history of previous transplantation, pediatric cases (aged <18 years), or unknown age, incomplete typing of HLA-A and HLA-B and HLA-DRB1 (HLA-DR), n=21 748 ( Figure 1 ). The final study (http://hla.alleles.org/nomenclature/naming. html). Each allele has a unique number, which consists of a sequence of 2 to 4 sets of digits separated by colons. All alleles receive at least a 4-digit name. The letters/number defines the locus/gene, the first field the allele group, and the second field the specific HLA protein. C, A 3-dimensional structure of an HLA-DQ molecule in which the pink amino acids compose the DQ achain, the blue amino acids compose the DQ b-chain, and the brown amino acids represent the peptide stuck within the peptide binding groove. The specific eplet identified is highlighted in blue. The crystalline model was downloaded from the National Center for Biotechnology Information website http://www.ncbi.nlm. nih.gov/Structure using Cn3D software. HLA indicates human leukocyte antigen; MHC, major histocompatibility complex.
Clinical Perspective
What Is New?
• Studies on how the structure of the human leukocyte antigen molecules influence on long-term graft loss in heart transplanted recipients are limited. • This is the first study evaluating the human leukocyte antigen Matchmaker algorithm as a risk stratification tool in an adult heart transplantation population. • Human leukocyte antigen-DR/DQ allele/eplet mismatch results in an increased risk of late graft loss.
What Are the Clinical Implications?
• The results of this study identify recipients with an increased risk of future rejection and graft loss based on their human leukocyte antigen-DR/DQ allele/eplet mismatch load. • By identifying patients at increased risk, a targeted strategy could be developed to individualize and intensify both monitoring and treatment post-transplant, thereby reducing mortality and morbidity.
population was composed of 34 681 patients, with at least 1 day of follow-up duration.
Study Design and Definitions
The primary objective for the study was to evaluate the influence of the number of mismatched HLA alleles and eplets on graft loss (GL) after transplantation. We defined the primary end point for the study, GL, as patient death or retransplantation within 20 years after transplantation. A secondary objective for the study was to evaluate the influence of the number of mismatched HLA alleles and HLA eplets on GL within 1 year and beyond 1 year after heart transplantation. We used HLA-typing data of class I (HLA-A, HLA-B, HLA-C) as well as class II (HLA-DRB1 [HLA-DR], HLA-DQB1 [HLA-DQ], HLA-DPB1 [HLA-DP], DQA1, DRB3, DRB4 and DRB5). We considered all the transplanted patients with complete HLA-A/B/DR data and we compared the outcomes among groups defined by the number of mismatched HLA-A/B/DR alleles.
The study population was further sub-analyzed, including patients with complete HLA-A/B/C and HLA-DR/DQ, respectively. In this subgroup, we compared the outcomes among groups defined by the number of mismatched alleles and eplets, respectively, for HLA-A/B/C and HLA-DR/DQ. We stratified the HLA mismatch by number of allele mismatch and quartiles of the total number of the eplet mismatch distribution, for class I and class II. The mismatch configurations we evaluated are presented in Table 1 . The ascertainment of deaths by the SRTR is based on Organ Procurement and Transplantation Network reports from every US transplant program and monthly updates from the Social Security Administration Death Master File. The latest annual follow-up was on December 5, 2013. Demographic and clinical variables were defined at the time of transplantation.
The Ethics Committee for Clinical Research at Lund University, Sweden approved the study protocol. The data were anonymized and de-identified before analysis and the institutional review board waived the need for written informed consent from the participants.
HLA Typing and Epitope Mismatch Identification
The HLAMatchmaker 1000 pair (ABC epitope mismatch v02.0, June 2016 and DRDQDP epitope mismatch v02.1, January 2017, http://www.hlamatchmaker.net/) program was used to assess epitope mismatch for all transplants. HLAMatchmaker compares amino acid sequences between donor and recipient alleles to identify and quantify differences. 12 All donor and recipient HLA typing were entered, and the eplet mismatch load of each pairing was assigned by the program. The HLAMatchmaker requires high-resolution 4-digit HLA allele information (allele groups including the specific HLA protein) to calculate the eplet mismatch load ( Figure 1 ). However, as only low-resolution 2-digit HLA allele information is available in the SRTR database, we had to generate the most likely high-resolution 4-digit alleles from the lowresolution 2-digit alleles. We performed this conversion with the 4-digit allele converter program v01, http://www.hlamatc hmaker.net/. The low-to high-resolution conversion is based on the frequency of the most common 4-digit alleles in 4 major population groups (European whites, blacks, Hispanic, and Asian), which have been reported on the National Marrow Donor Program website. 16 
Statistical Analysis
Data are presented as meanAESD or as n (%) of patients. Baseline characteristics were compared between groups using the Chi-square test for categorical variables and the t test for continuous variables. Unadjusted survival rates were computed using Kaplan-Meier method and compared between treatment groups using the log-rank test for trend statistic. We used 1-year post-transplant as a landmark timepoint, and the maximum follow-up time was 20 years. We estimated the hazard ratios (HRs) and 95% CIs for the associations between HLA allele and HLA eplet-based matching and GL independent of other risk factors by fitting a multivariable Cox proportional hazards regression model. The following variables were considered to be potential confounders in examining the association between the number of HLA allele/eplet mismatches and graft failure: recipient age, recipient sex, pre-transplant diagnosis, pretransplant diabetes mellitus, pre-transplant dialysis, history of previous blood transfusion, pre-sensitized (panel reactive antibodies [PRA] >10%), pre-transplant extra-corporeal membrane oxygenation, pre-transplant MCS, era of transplant, donor age, duration of ischemia, donor-recipient weight ratio, donor-recipient ethnicity match, donor-recipient sex match, donor-recipient blood group match, induction therapy, maintenance immunosuppression, and level of mismatching within the other HLA class. A restricted cubic spline function was used on donor age, duration of ischemia, and donor-recipient weight ratio. In a secondary analysis, the Cox proportional hazard method was used to calculate the adjusted hazard ratios (HRs) for the associations between HLA allele and HLA eplet-based matching and GL in selected subgroups (recipient age <40, 40-60, and >60 years), and to test for interactions.
For the youngest age group, we performed an additional subgroup analysis including recipient sex, pre-transplant PRA, pre-transplant transfusion and MCS. For each subgroup analysis, the HR for the HLA allele and HLA eplet-based matching were calculated by recalibrating a separate model including the interaction term and the same covariates as in the main effect model. All tests were 2-sided, and P-values of <0.05 were deemed significant. Missing values (except HLA data) were imputed using the chained-equations multiple imputation techniques as described by White et al. 17 The imputation was performed by the Stata MP statistical package version 15.1 (2017) (StataCorp LP, College Station, TX).
Results
Study Population
The study cohort comprised 221 131 person-years, median survival time 10.7 (95% CI 10.5-10.8) years, with a median duration of follow-up 6.3AE5.5 (range 0-26) years. The baseline characteristics for the recipients and their donors are shown in Tables 2 and 3, and cause of death 1 year posttransplant for recipients in Table 4 . The mean recipient and donor age were 51.9AE11.7 and 30.8AE12.1 years, respectively, and 23% of the recipients and 29% of the donors were women. The cohort was 77% white followed by 15% black or African American; 2% underwent a dual organ transplantation. The most common diagnoses were ischemic cardiomyopathy (47%) and non-ischemic cardiomyopathy (46%). The Kaplan-Meier survival estimate was 53% after 10 years and 19% after 20 years. A total of 5959 patients (34%) achieved treatment for acute cellular rejection during the first-year post transplantation and 16 069 patients (46%) died during follow-up. The main causes of death were major adverse cardiovascular event (n=2660), graft failure (n=2068), infection (n=2043), and malignancy (n=1873). One year post transplantation, the 2 most common cause of death for the younger patients (aged <40 years) were graft failure and cardiovascular events, and for the older recipients (aged >60 years) malignancy and miscellaneous, Table 4 .
For patients with PRA >10%, history of positive crossmatch results, ethnicity and sex mismatch were more common in the younger patient cohort. Figure 2A The Degree of HLA-Mismatch and Graft Loss 
Influence of Recipient Age and Degree of HLA Mismatch on Graft Loss
We further analyzed the effect of an interaction between recipient age and HLA mismatch. Figure 4 shows a Kaplan-Meier estimate of graft failure stratified by number of HLA alleles and HLA eplet mismatch for recipients aged <60 years. No significant interaction between age and HLA-A/B/C mismatch could be detected ( Figure 4A and 4B) , while an increased number of HLA-DR/DQ allele or eplet mismatches decreased graft survival and interact with age ( Figure 4C and 4D ). The adjusted HR was 1.78 (95% 1.13-2.80) for 4 mismatched HLA-DR/DQ alleles compared with 0 to 1 mismatches, and 1.82 (95% CI, 1.23-2.70) for >40 mismatched HLA-DR/DQ eplet compared with <18 mismatches. The HR for the interaction term was 0.99 (95% CI, 0.98-1.00) and 0.99 (95% CI, 0.98-1.00), respectively. As shown in Tables 5 and 6 , recipients in the 2 younger age groups (<40 years and 40-60 years old) with >40 mismatched HLA-DR/DQ eplets had an adjusted HR of 1.36 and 1.27, respectively. The older recipients (aged >60 years) had no association between HLA mismatch and graft loss. The HR for the interaction term was 0.70 (95% CI, 0.54-0.92). For HLA-DR/DQ allele mismatches, an even larger HR for the 2 youngest age groups was found. The HR for the interaction term was 0.73 (95% CI, 0.54-0.98).
We additionally evaluated the difference between early (within 1 year post-transplant) and late (after 1 year posttransplant) graft loss. The number of mismatched HLA-A/B/C alleles or eplets did not influence graft survival when we evaluated the difference between early and late graft loss. The impact of the number of HLA-DR/DQ allele and eplet mismatches on graft survival was more prominent after 1 year, where recipients aged <40 years with 4 HLA-DR/DQ allele mismatches had an HR of 1.51 (95% CI, 1.12-2.03) and recipients with >40 eplet mismatches had an adjusted HR of 1.32 (95% CI, 1.02-1.70), while there was no significant correlation to graft loss within 1 year after transplantation, adjusted HR of 1.22 (95% CI, 0.77-1.93) and 1.35 (95% CI, 0.90-2.01), respectively.
Recipients with PRA >10%, on the other hand, had an adjusted HR of 1.27 (95% CI, 1.16-1.40) for graft loss within 1 year. The PRA level did not influence outcome after 1 year, adjusted HR of 1.06 (95% CI, 0.99-1.13). The degree of HLA eplet match was independent of PRA on the prediction of graft loss within and after 1 year, P (interaction)=0.888 and 0.389.
Finally, we evaluated the influence on graft loss for patients aged <40 years of the interaction between known risk factors influencing immune function and >40 HLA-DR/DQ eplet mismatches. Here, we could not identify any significant interaction except for a trend in the recipient sex and mechanical circulatory support (MCS). Recipients (aged <40 years) without MCS pre-transplant and male recipients (aged <40 years), respectively, with >40 HLA-DR/DQ eplet mismatches had a 50% increased risk of graft loss compared with recipient with MCS and female recipients, respectively, Table 7 . HLA indicates human leukocyte antigen.
Discussion
In this study, our main finding is that the HLA-DR/DQ mismatch results in an increased risk of late graft loss. Our results further indicate that eplet mismatch at the HLA-DRB1 and HLA-DQB1 loci did not influence graft survival more than the allele mismatch at the same loci. More importantly, we could show that there was a significant interaction between the number of HLA allele/eplet mismatches and recipient age.
The most common cause of death 1 year after a heart transplant is chronic rejection, leading to graft loss. 1 The factors that determine the development of chronic rejection are still not fully understood. 2, 3 Preformed DSA is a known risk factor for hyper acute rejection, and regular pre-screening for HLA antibodies is therefore standard in most cardiac transplant programs. [18] [19] [20] DSA developed after heart transplantation, de novo DSA (dnDSA), and their impact on graft survival, on the other hand, are debated. [20] [21] [22] In recent years, studies have shown that patients with dnDSA and especially DSA against HLA class II antigen have a worse survival. 13, 14, 23, 24 In this study, we have chosen to focus on analysis of HLA-DR/DQ matches because of its strong linkage to posttransplantation outcome. We found an improved survival, which started 2 years after transplantation, in patients with less HLA class II eplet mismatch. The HLA-DR/DQ allele mismatch influenced survival much earlier. Fewer HLA DR/ DQ eplet mismatches can thus be interpreted as a reduced risk of dnDSA development and less chronic rejection for these patients. This was further enhanced by the findings in the subgroup analysis, where the major influence of HLA-DR/DQ eplet mismatch differences on graft loss was observed in patients who had no risk factors for preformed DSA development, such as MCS. Furthermore, the effect of the number of HLA-DR/DQ allele mismatches and its influence on graft survival was more pronounced 1 year and later after heart transplantation, which also supports our conclusion.
In kidney transplantation, it has been shown that the calculated HLA eplet mismatch load correlates well to both survival and dnDSA formation. Wiebe et al demonstrate that the risk of chronic rejection in renal transplanted patients was almost doubled in patients with ≥43 HLA-DR/DQ eplet mismatch compared with <43 mismatches. The conclusion was that HLA-DR and HLA-DQ eplet matching outperforms traditional low-resolution antigen-based matching. 14 25 Sullivan et al conclude that HLA eplet mismatch may aid in identifying heart transplanted patients at increased risk of long-term graft loss. 26 However, they could not demonstrate that an HLA class II epitope mismatch influenced the graft survival.
Walton
Their different findings compared with the results from the present study may be partly explained by the fact that data from the HLA-DRB1 loci and not HLA-DQB1 loci were used, and that only pediatric recipients were included. Cardiac allograft vasculopathy seems to be less frequent and less aggressive in pediatric recipients and previous studies have shown that HLA-DQ dnDSA occurs more commonly than HLA-DR dnDSA. 27 As previously reported, pre-sensitized patients have an increased risk of graft loss, which was confirmed in the present study. In this patient cohort, malignancy and infection were the most common causes of death for patients aged >60 years a year after transplantation, which Wever-Pinzon et al also showed in a recently published study in an international patient cohort. 1 A novel finding in this study was that the effect of the HLA mismatch decreases with an increased age of the recipient. At the age of ≥60 years, the number of mismatched HLA did not affect the graft loss rate, while the younger patient has almost a doubled the risk of graft loss. Previous studies have suggested that age-related changes in the immune system can positively affect the transplantation results such as less chronic rejection. 1, 4, 5 The increased risk for infectious complications, renal failure, and neoplasms emphasized the need for individualized adjusted immunosuppression in older recipients. 28 Although this study is based on the data prospectively collected, the retrospective design limits us from completely adjusting for differences between the comparison groups. However, most of the recipients are probably matched randomly to a donor without the knowledge of its HLA type, as HLA matching at transplantation is usually not performed routinely for a non-sensitized patient. We also adjust for clinical variables known to have an immunological effect, eg, female sex, previous blood transfusion, mechanical circulation support, and also timeera. The results of the subgroup analysis (Table 5 ) should be interpreted with caution. Because of the relatively small effect size only large interactions may be detected. HLA-A, HLA-B, and HLA-DRB1 loci have historically been considered to be the crucial sites for affecting clinical outcomes and have previously been the only site for which donor HLA typing is mandatory, limiting the collection of data at other loci in SRTR. The eplet assignments in the HLAMatchmaker software are based on the "most likely" highresolution 4-digit alleles, converted from HLA typing information obtained from SRTR. This has shown to be sufficient in determining eplet mismatch load in kidney transplantation. 29 The assumptions of DRB3/4/5 linkages and assigning common alleles for low-resolution may have influenced the result. Furthermore, we had to assume that subjects with only one identified allele at a given locus were homozygous for this specific allele, which is the standard practice in the most laboratories. Despite these limitations, epitope mismatch using the HLAMatchmaker algorithm has been used in several studies and is clinically established, in kidney and lung transplantation. 25, 26, 30 This is the first time, to our knowledge, the HLAMatchmaker algorithm is used in an adult heart transplantation study.
Conclusions
Allograft rejection remains a major problem in heart transplantation, leading to increased mortality, morbidity, and costs. In this study, we have re-examined the influence of HLA mismatch and graft loss in a heart transplanted cohort. The results show that it is possible to identify recipients with an increased risk of future rejection and graft loss based on their HLA-DR/DQ allele/eplet mismatch load. By identifying patients at increased risk, a targeted strategy could be developed to individualize and intensify both monitoring and treatment post-transplant, thereby reducing mortality and morbidity. This would be even more clinically relevant and practicable when novel approaches to ex-vivo allograft perfusion may allow for longer times between allograft procurement and transplant. The P value for interaction represents the likelihood of an interaction between the subgroup variable and the treatment effect. The HRs for graft loss were adjusted for recipient sex, sex match, ethnicity match, era of transplant, pre-transplant diagnosis, diabetes mellitus, PRA >10%, pre-transplant dialysis, pre-transplant extracorporeal membrane oxygenation, donor age, duration of ischemia, donor-recipient weight ratio, pre-transplant MCS, previous blood transfusion, blood group match, induction therapy, maintenance immunosuppression, and level of mismatching within HLA-A/B. EMM indicates eplet mismatch; f, number of graft loss; HR, hazard ratio; MCS, pre-transplant mechanical circulation support; n, number of transplants; PRA, panel reactive antibody.
